The relationship between urban green, urban form and health remains unclear. This research explores health and urban green as well as urban structure as constituents of urban form. The objective was to develop a novel indicator (Neighbourhood Environmental Contribution, NEC) to analyse the spatial relationship between urban green and health (diabetes, mental health and self-rated health) on the neighbourhood scale. NEC performs more stably when regression models are adjusted for confounders. This suggests that better representations of urban form including the built-up structure of urban areas are promising.
Introduction
Understanding the influence that the urban environment has on human health has become a cornerstone for sustainable urban development and a high priority for policy making in the European Union [1] . This relationship has been largely investigated using statistical models and different approaches utilising land use, perception and other similar measures [2] - [4] . Traditional approaches have relied on land use land cover (LULC) data [5] showing however weak linkages with health outcomes [6] . Indeed, the urban environment is made up of buildings, infrastructure and green spaces organised in high spatial complexity, normally called urban form [7] , [8] . Summarising the high complexity of urban environments in single indicators remains challenging [9] and developing standardised measuring and modelling of urban form is needed [8] . To achieve this endeavour, adequate indicators to quantify and analyse the influence of urban form and particularly urban green on human health are necessary [10] . Indeed, the high complexity of the urban environment can influence the population's health in broad and complex ways [11] , [12] . Simple relationships between urban green and health appear blurred in the presence of confounding factors such as sex, age, socio-economic status and other societal or individual factors [13] , [14] . Furthermore, Herzel and Vries [15] remarked, "Existing studies often ignore conditions in the local environment other than green space provision that may influence health outcomes" (p. 175). Up to now, the empirical evidence linking urban green together with urban form and health in a quantitative and robust manner remains unclear in the scientific literature. Studies with a large number of participants are more likely to reveal positive effects between urban green and health, as Dadvand et al. [16] showed for mental health. In a review study, van den Berg et al. [17] found only moderate evidence for an association with perceived general health. In the Swiss national cohort study, Vienneau et al. [18] proved positive effects of residential green on mortality causes, independent from other environmental variables, which were stronger in urban areas than in intermediate and rural ones. We conclude that it is necessary to further develop spatially explicit approaches to account for the complexity of urban form together with urban green.
In this research, we performed an explorative analysis of a well-known urban green indicator and its direct relationship with health, identified possible shortcomings and compared the results with that of a novel indicator, which we developed to summarise the neighbourhood environment characteristics that can have an effect on health.
Material and methods
We selected the cities of Mülheim/R., Essen and Bochum situated in Germany's Ruhr region (see Fig. 1a ). The study area with roughly 1 million people exhibits a highly diverse spectrum of neighbourhoods, containing open space within the urban fabric, as a result of long-lasting green belt policies [19] .
The Normalised Difference Vegetation Index (NDVI) was used as an indicator of urban green. Additionally, we developed a novel indicator of urban form, the Neighbourhood Environmental Contribution (NEC).
NDVI calculation
The NDVI is a well-known radiometric index broadly used to quantify the intensity of green areas. It is based on the reflectance ratios of the near-infrared band (NIR) and red wavelength space [20] , [21] . Landsat images allow for the calculation of NDVI using equation ( NDVI was calculated using a Landsat 7ETM image (see Fig. 1 for the image reference) and ERDAS © software. Manual routines of atmospheric correction and precalibration were performed (Landsat 7 Science Data Users Handbook).
Neighbourhood Environmental Contribution
The Neighbourhood Environmental Contribution (NEC) is a novel indicator to summarise the urban form with respect to human well-being. We hypothesise that a residential environment that is favourable to human health should contain a spatial mix of different green and blue spaces (green infrastructure, forest, water, pastures and agricultural fields). According to their presumed beneficial health effect, we rated the 20 land use land cover (LULC) classes of the Urban Atlas spatial data set (Copernicus 2018, version 2012) on an ordinal scale from 0 to 0.9. 0 represents low-quality environments and 0.9 represents high-quality environments (Table 1) . We conceptualised and calculated the NEC for equal-sized cells, which contain a mosaic of different LULC classes, including built-up and green areas. The size of the cells (10 ha, diameter 340 m) expresses a walking distance within a neighbourhood. The minimum mapping unit of the Urban Atlas project is 0.25 hectare for settlement areas and 1.0 hectare for agricultural land, forests and water bodies (Copernicus 2018). 
Spatial units for calculation
The NDVI and NEC were transferred to a vector environment using two different spatial units: (1) 250 m-circular buffers around participants (only for NDVI) and; (2) hexagon cells. Hexagons are more circular-shaped than grids and have a lower perimeter-to-area ratio; therefore reducing sampling bias due to edge effects of the grid shape. This morphological property of hexagons ensures spatial contiguity in all directions. A second important aspect is that any point inside a hexagon is closer to the centroid of the hexagon than any given point in an equal-area square [22] , [23] . We covered the study area with a net of 10 hectare sized hexagon cells, which represents a good neighbourhood size when considering walkable distances, views and visual connections. The 10 ha-hexagons have a diagonal of 340 m. Grunewald et al. [24] suggested a good walkability in the range of 300-500 m or 10-15 min. walking time. For NDVI we calculated the final hexagoncell value, by multiplying the total surface of rasters that share the same value in each cell, by the respective value and dividing by the total surface of the hexagon. For NEC, the final cell values procedure is the same, but this time we weighted with the area of the respective LULC within each hexagon.
Population sample
Depression, type 2 diabetes and self-rated health from the Heinz Nixdorf Recall study [25] , [26] were used and included 4,480 people (women and men) aged 45-75 years. The participants enrolled in 2000-2003. Depression was assessed using the Center for Epidemiologic Studies Depression Scale (CES-D; score ≥ 17; [27] ). The relationship between diabetes and greenness is suggested due to the influence of green environment on physical activity [28] , [29] . In our study, diabetes "was defined as a self-reported physician diagnosis or incident intake of an anti-diabetic drug (ATCcode A10) […] or random blood glucose ≥ 200 mg/dL or fasting blood glucose ≥ 126 mg/dL" (Weinmayr et al. [26] ). Self-rated health is known as a reliable variable to summarise the health status [2] . For privacy reasons, we did not have access to the participants' addresses. Therefore, we modelled green and health relationship by assigning the respective values in each hexagon. The hexagon approach allowed us to perform the spatial analysis while avoiding the privacy issue of participants and the small area problem, by using a true proportion approach, in which a person is not counted more than once. Furthermore, the use of a regular hexagons spatial unit performed better than using other spatial units such as census tracts; thus avoiding the modifiable areal unit problem (MAUP). We used logistic regression models to estimate the odds ratios (OR) and their respective 95%-confidence intervals (95%-CI) for the association of health outcome and greenness, calculated for an interquartile range (IQR = 0.1) increase for NDVI. Additionally, for NDVI we tested high and low values as dichotomous variables. For NEC, representing an ordinal, we tested increases of 0.1 units. We performed three rounds of adjustment in the models with individual data. Covariates were selected based on previous studies: age, sex, body mass index, physical activity, years of education, smoking and population/km².
Results
The spatial distribution of the three indicators is shown in figures 1b-d. Table 2 reports the results of the regression models. In the unadjusted models, protective effects of all three green indicators for depression, type 2 diabetes and self-rated health are observable. However, in the fully adjusted models, these effects disappear. For NDVI, we tested values per cell as well as values for radius of 250 m. For depression, the NDVI model performed equally: per 0.1 increase of greenness, the odds of depression decreased by around 15%. Adjustment for confounders in models 1 and 2 decreased the association, particularly when adding population density to the model. A 0.1-unit increase of the NEC was not associated with lower depression. Similar findings resulted for the diabetes model. Lower levels of NDVI are associated with higher levels of diabetes. The outcomes for poor self-rated health remain slightly more stable after adjustment. In addition, NEC seems to have some effect.
For NDVI and NEC we tested high and low values as dichotomous variables (NDVI hex low resp. NEC Hex 1). We cut off the lowest 10% of greenness exposure at a NDVI cell value <=0.44 and at NEC cell value <=0.22. Table  3 shows the ORs for the different outcomes.
For all health outcomes, the results indicate higher odds of negative health outcome when comparing the low-green group to the high-green group. The strongest association was observed with poor self-rated health, which remains even in the fully adjusted model (OR 1.37; 1.04-1.81).
Discussion and conclusion
Association of greenness and health outcomes is indicated, in line with recent literature [30] , [31] . However, the quantitative association remains weak. Green space and health relationships depend strongly on a broader scope of individual-level factors, which can blur the capacity of the green indicators used to detect green-health space effects, as suggested in other similar studies performed in cities with high provision of green spaces [13] . Further explorations of factors that might have uneven distribution among the population and at the same time no relation to their urban neighbourhood like food and water quality, occupational stresses and diseases, geography of their overall activities, life style in sense of food consumption habits, among others are needed. Adjustment in the case of the NEC does not have the same effect as for the other greenness indicators. We speculate that beyond summarising urban green, the novel indicator NEC encompasses broader aspects of urban form that point directly to the socio-economic status and population density. However, such linkages need further investigation. In a narrow sense, Urban Atlas LULC classes reflect only the degree of sealed surfaces. On the other hand, our interpretation of LULC classes with respect to health considers local knowledge of the residential neighbourhood connected with the intensity of the built-up area. In addition, of course, hexagons without any participants' residence do not contribute to the results. Over this basis, a relationship between the socio-economic status (SES) of particular residential areas can be only hypothesised; however with high uncertainty. To tackle this issue, we included educational level (years of education) as a confounder in Model 2, which can be linked to SES. The SES influences a resident's selection of the housing type and the proximity to urban green spaces. This might camouflage the relationship between urban form and health variables. Mitchell and Popham (2007) support this idea by identifying diverging effects of urban green on health in urban neighbourhoods that exhibit different SES. Richardson et al. [13] found weak relations between health variables and urban green space in environments in which green spaces are generally more abundant. More research is needed to depict the multidimensional complexity of urban form [8] which is to an uncertain degree entangled with SES. On the other hand, further calibration of the LULC class rating (Tab. 1) in the NEC model may be promising. So far, aesthetical values of residential areas are excluded from our study, as well as litter in the living environment [29] or soundscapes [30] .
The influence of green environment on physical activity and thus on diabetes, which we hypothesised, has been contested [31] . A shortcoming of our study is that the pure existence of green spaces within walkable distance does not guarantee the actual physical activity of the residents. Furthermore, for privacy reasons we did not have access to addresses of each participants, only their location in a particular hexagon.
Urban planning and design are shaping the morphological aspects of the built environment experienced by urban dwellers. Theoretical, operational and practical linkages between urban form and health require more empirically oriented research. Indicators with the capacity to reduce the high complexity of urban form to a single spatially explicit expression and accounting for the third dimension [9] can open promising avenues for a better link between health and place in urban environments. 
